Growth of an Ag film on a ZnO (0 0 0 1) surface by ultra-high vacuum deposition has been investigated by field emission scanning electron microscopy. It is revealed that the growth temperature has a considerable effect on the formation of a continuous Ag thin film on a ZnO surface. At room temperature or above, the formation of continuous Ag films with small thickness was found to be difficult due to an upstepping mechanism, whereas a continuous Ag film as thin as 30 nm was achieved at 140 K, resulting from the reduced migration length of silver atoms and the increased saturated island density at low temperature. Coalescence between the islands occurred and predominated over upstepping during subsequent deposition, which is favourable for the formation of a continuous Ag film with a smaller thickness.
Recently, numerous studies have been focused on the deposition of metal films on semiconductor substrates, since the interface between them plays a key role in a wide range of applications such as catalysts, microelectronic and photovoltaic devices [1] . Investigations on metal/ZnO systems have also been attracting more and more attention, due to the wide direct band gap (3.37 eV) and large exciton binding energy (60 meV) of ZnO, making it an excellent candidate for short wavelength optoelectronic devices. Metal/ZnO contacts (both Schottky and Ohmic) can be used in ultraviolet (UV) photodetectors [2, 3] , which are really important in both commercial and military applications. The metal films, usually applied as conductive electrodes, should be continuous for a good conductivity and be thin enough for a high transmittance.
Silver films have been employed in ZnO Schottky UV photodetectors [3] , and a lot of research has been carried out on the growth of Ag films on ZnO [4, 5] . In our work, we find that it is difficult to prepare a continuous Ag film with a thickness of tens of nanometres at room temperature or above. Coalescence of the film usually happens above hundreds of nanometres. The transmission behaviour of such a thicker electrode film is greatly weakened. Therefore, it is necessary to study the influence of growth temperature on the growth dynamics of Ag films on ZnO.
A two-dimensional (2D) island growth mode is proposed for the deposition of many noble metals [1] on ZnO polar surfaces at room temperature and below. Under a certain coverage, which is usually dozens of monolayers, the metals exist in a feature of separated islands [4] . Beyond the coverage, however, connection of the islands takes place, and a continuous film is formed when it is thick enough. The performance of a photodetector using such a film as electrodes is supposed to depend strongly on the thickness.
In the present study, Ag films with different thicknesses were grown on both ZnO bulk crystals and epitaxial films at different growth temperatures by the ultra-high vacuum deposition method. Recent studies demonstrate much higher p-type doping efficiency in Zn-polar films compared with O-polar ones [6, 7] . Although the origin of p-type conduction in Zn-polar ZnO films has not been quite clear yet, it is a very important surface both for the synthesis of ZnO materials and fabrication of related devices. In our work, the Zn-polar ZnO (0 0 0 1) surface, both of bulk crystals and epi-films, was hence chosen for Ag deposition of all our samples. The morphologies were investigated by field emission scanning electron microscopy (FE-SEM), and the influence of growth temperature on the formation of continuous Ag thin films on ZnO (0 0 0 1) surfaces was revealed. By using a 2D island growth technique at low temperature, a continuous Ag film as thin as 30 nm was achieved at 140 K.
The ZnO (0 0 0 1) bulk crystals used in this study were prepared by the hydrothermal technique (Tokyo Denpa). The epi-ready Zn-polar surface was used for the deposition of Ag films. The roughness of the surface is less than 0.1 nm. The electron concentration and mobility were 1 × 10 14 cm
and 140 cm 2 (Vs) −1 , respectively, from the van der Pauw measurements at room temperature.
The high-quality ZnO (0 0 0 1) epitaxial films were grown on nitrided c-plane sapphire substrates by radio-frequency plasma-assisted molecular beam epitaxy (Omni Vac) [8] . The film was 500 nm thick, with an electron concentration of 1 × 10 17 cm −3 , an electron mobility of 52 cm 2 (Vs) −1 and a surface roughness of 3.5 nm.
The metal-deposition chamber has a heating-cooling sample stage, and the substrate temperature can be varied in a wide range from 700 to 140 K. The base pressure of the chamber was 1 × 10 −8 mbar. Ag was evaporated from a commercial K-cell, with an average deposition rate of 1 nm min −1 on the ZnO (0 0 0 1) surfaces. To study the influence of the growth temperature on the growth dynamics of Ag on a bulk ZnO (0 0 0 1) surface, eight nominal Ag films were prepared at 300 K and 140 K with thicknesses of 7 nm, 14 nm, 25 nm and 35 nm, respectively. Finally, a 60 nm thick Ag film was found continuously at 140 K on the ZnO (0 0 0 1) surface. To further test the findings, Ag films were grown on ZnO (0 0 0 1) epitaxial films with a thickness of 30 nm at 140 K, 300 K and 473 K, respectively. For comparison, two more samples were prepared at 300 K with thicknesses of 60 nm and 90 nm, respectively. The surface morphologies of the Ag films were characterized by FE-SEM, and the film thicknesses were confirmed by a surface profiler (Dektak 8, Digital Instruments, Veeco Metrology Group) and atomic force microscopy (AFM, SPA400, SII NanoTechnology Inc.).
The morphologies of the Ag films on the ZnO (0 0 0 1) bulk substrates deposited at 300 K and 140 K are illustrated in figure 1, respectively. Figures 1(a) -(d) are SEM images of the Ag films deposited at 300 K and (e)-(h) at 140 K with different thicknesses respectively. From a comparison of these figures, it can be seen that Ag tends to form 3D islands on the ZnO (0 0 0 1) surface at the initial growth stage at both of these temperatures. When the deposition continues, however, the coalescence between the separated islands happens in a smaller thickness for 140 K than for 300 K.
From a thermodynamic point of view, the growth mode lies on a comparison of γ m/ox with the difference between γ ox and γ m , where γ m/ox is metal/oxide interfacial free energy, γ ox the surface free energy of the oxide and γ m that of the metal. If
the metal has a tendency to form 3D islands to minimize the surface energy. According to Campbell, mid-transition metals such as silver prefer this growth mode on oxide surfaces [1] , which is consistent with our observations. Statistics of island densities for 7, 14 and 25 nm thick Ag films are shown in table 1. Every datum was obtained from the average of 5 maps in a scan area of 10 × 10 µm 2 . From these data, three obvious features can be concluded: (1) the island density decreases with the thickness of the film increasing at both of these temperatures; (2) at the initial growth stage, the island density is higher for the films grown at 140 K (low temperature) than those at 300 K (room temperature); (3) the island density decreases more rapidly at low temperature.
The above observations can be well explained by a coalescence process which happens after the island density is saturated at the initial growth stage. According to Campbell [1] , a saturated nuclei density N 0 is reached when the deposited atoms run into existing nuclei before making new nuclei with other migrating atoms. After that, the nuclei grow larger and higher until they connect to each other with the island density decreasing. The growth of epitaxial islands on a crystalline substrate can be described by the following theoretical equation:
where N is the nucleation density, N 0 the island density at the very beginning of the deposition, h the average thickness, A a constant which depends on the shape of the islands [9] . This indicates that the island density decreases with the growth of the film because of the islands' coalescence. Since N 0 relates to the nuclei process, it depends on the atom's diffusion ability on a surface, the diffusion coefficient, which can be expressed as
where D 0 is the prefactor which can be considered as a constant when T is high enough [10] , and E diff is the diffusion activation energy. It is known that the saturated island density N 0 decreases with increasing diffusion coefficient D [1] . Hence N 0 decreases with increasing growth temperature. It is reasonable that the migration length of silver atoms on the ZnO (0 0 0 1) surface will be reduced at low temperature, and that will help the formation of a high nucleation density. In our work, N 0 was calculated to be 2.6 × 10 11 cm −2 and 1.0×10 12 cm −2 at 300 K and 140 K, respectively, which agrees very well with the above analysis. It was also observed that the density of the nuclei decreased with increasing surface temperature for the case of Pd and Au deposition on MgO (0 0 1) [11] [12] [13] . That is why the island density is higher for the Ag films grown at 140 K than those at 300 K at the initial growth stage.
The feature (3) demonstrates the difference in coalescing speeds between the two deposition temperatures, which depends mainly on the islands' lateral growth. The migrating atoms reaching the edges of the islands can either stick there or upstep onto the island terraces, similarly to the case of Cu on ZnO surfaces [14] . The thermal energy is found important in the upstepping movement, i.e. higher islands with larger spacings tend to form at higher temperatures, while islands with wandering edges locate much closer to each other at lower temperatures, as illustrated in figure 1 . The rapid spreading of the islands accelerated the coalescing with the islands' density decreasing, which promoted the formation of continuous Ag films.
The Ag film shown in figure 2 was grown on the ZnO (0 0 0 1) bulk substrate at 140 K, with a thickness of 60 nm. The gap between the islands was almost filled, and a continuous Ag film was obtained at this thickness. It should be noted, however, that the Ag film grown at 300 K could not coalesce into a continuous structure until 120 nm thick.
Growth of Ag on the ZnO (0 0 0 1) epitaxial film at various temperatures was also investigated in order to test our above findings. Figure 3 shows the morphologies of the Ag films with a thickness of 30 nm deposited at 140 K, 300 K and 473 K, respectively. It can be seen that a continuous film is easily formed at 140 K ( figure 3(a) ). It should be noticed that this thickness is much smaller than that on the ZnO (0 0 0 1) bulk (60 nm). The much higher defect density in the ZnO (0 0 0 1) epitaxial film was supposed to play a key role in providing additional nucleating centres and accelerating the coalescing process [15] . The surface of this Ag film is not as smooth as that on bulk ZnO (0 0 0 1), which is caused by the rougher surface morphology of the epitaxial ZnO (0 0 0 1) film. The effect of the growth temperature on the competition between coalescence and upstepping of islands is further confirmed by the Ag films grown at 300 and 473 K. Figure 3(b) shows the Ag film deposited at 300 K, where the islands' coalescence is apparent but not adequate. Due to the higher thermal energy of 300 K compared with 140 K, the lateral connection of the islands is slowed down and suppressed by the upstepping mechanism at this temperature. The upstepping movement becomes dominating when the temperature increases to 473 K, as shown in figure 3(c) . The edges of the islands are much smoother and the vacant spaces between them are much broader. The islands grow more rapidly in the vertical direction than in the horizontal one at this high temperature. Low nucleation density and dominant upstepping growth of some transition metals on ZnO surfaces at high substrate temperatures have been reported [16, 17] . Our results agree well with the traditional theory about metal film or particles deposition on oxide surfaces [1] and the experimental observation of Cu on ZnO [14] . The influence of the growth temperature on the formation of continuous films was hence established in our case of the Ag deposition on the ZnO (0 0 0 1) surface.
The competition between coalescence and the upstepping mechanism at room temperature was further demonstrated in figure 4(a) , the island size and the spatial distribution look nearly identical to those in figure 3(b) , while the island height is slightly larger. When the thickness of the Ag film reaches 90 nm ( figure 4(b) ), the islands are still isolated although the size and height increase at the same time, which indicates that the arriving atoms prefer the upstepping sites to the laterals at this temperature. It should be noted that the continuous film will be finally realized with a thickness of over 100 nm, which is not expected in many practical device applications. In conclusion, the effect of growth temperature on the growth behaviour of Ag film on the Zn-polar (0 0 0 1) surface of ZnO bulk crystals and single-crystalline films by ultrahigh vacuum deposition was investigated. It was found that the formation of a continuous Ag thin film on the ZnO (0 0 0 1) surface was greatly influenced by the growth temperature. At a lower temperature, the reduced migration length of silver atoms leads to a higher saturated island density, and the enhanced coalescence speed of Ag islands results in the formation of a continuous film with a smaller thickness. On the other hand, the thickness is much bigger at a higher temperature, which is mainly caused by the prevailing upstepping movement against lateral growth.
